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ABSTRACT 
The main aim of this thesis is the enhancement and the experimental validation of the 
Matlab-Simulink model of an electro-mechanical actuator (EMA) for helicopter landing gear 
extension/retraction. 
An extensive test campaign has been carried out on a reference prototype of EMA and test 
data results are used to compare and judge simulation results of a detailed Matlab-Simulink model 
of the EMA, developed in previous works. Model parameters are thus analyzed and tuned, and 
additional model section are developed to match experimental data. 
A particular attention has been paid to EMA mechanical section with specific friction tests 
performed to improve the friction model. 
Model validation has been obtained in terms of EMA position, motor speed, and motor 
currents at different load and voltage demand values. Three operative conditions have been defined: 
nominal (NZ=1, VSupply=28 V), normal (NZ=1.5, VSupplyL=22 V and VSupplyH=30.3 V), and critical 
conditions(NZ=3.5, VSupplyL=20.5 V and VSupplyH=32.2 V)-. 
  
2 
 
TABLE OF CONTENTS 
LIST OF FIGURES ..................................................................................................................... 4 
INTRODUCTION ........................................................................................................................ 9 
1 ELECTROMECHANICAL ACTUATION FOR HELICOPTER APPLICATIONS ....................... 10 
1.1 Advantages of electromechanical actuation and lessons learned ....................... 11 
1.2 Electromechanical landing gear systems for helicopters .................................... 14 
1.2.1 Typical EMA solutions ....................................................................................... 17 
1.2.2 Reference EMA .................................................................................................. 20 
1.2.3 Importance of modelling and simulation for the EMA design ........................... 23 
2 EMA MATLAB-SIMULINK MODEL: INITIAL VERSION .................................................. 24 
2.1 Model sections ......................................................................................................... 24 
2.1.1 3-Phase brushless motor with trapezoidal modulation (BLDCM) ..................... 24 
2.1.2 PMW control of the motor.................................................................................. 29 
2.1.3 Motor shaft dynamics ......................................................................................... 34 
2.1.4 EMA closed-loop control ................................................................................... 36 
2.2 Objectives of model enhancement......................................................................... 38 
3 EXPERIMENTAL CHARACTERISATION OF THE EMA DYNAMICS .................................. 39 
3.1 Test plan .................................................................................................................. 39 
3.2 Testing instruments ................................................................................................ 40 
3.2.1 Hydraulic rig for EMA functional tests .............................................................. 40 
3.2.2 Hydraulic rig for EMA friction characterisation ................................................ 42 
3.3 Test results .............................................................................................................. 43 
3.3.1 Extension/Retraction with different operative conditions .................................. 43 
3.3.2 Friction evaluation .............................................................................................. 53 
4 EMA MODEL ENHANCEMENT ........................................................................................ 69 
4.1 Mechanical section ................................................................................................. 69 
3 
 
4.1.1 Friction forces ..................................................................................................... 69 
4.1.2 Mechanical train efficiency ................................................................................ 76 
4.1.3 EMA inertia ........................................................................................................ 79 
4.1.4 Actuator lock for fully-extracted position .......................................................... 81 
4.2 Electric and electronic section ............................................................................... 82 
4.2.1 Motor parameters ................................................................................................ 82 
4.2.2 Control logics ..................................................................................................... 82 
4.3 Configuration parameters of the simulation computing ........................................... 83 
5 EXPERIMENTAL VALIDATION OF THE MODEL ............................................................... 84 
5.1 Extension/Retraction at nominal operative conditions ....................................... 84 
5.2 Extension/retraction at normal operative conditions.......................................... 90 
5.3 Extension/Retraction at critical operative conditions ......................................... 94 
CONCLUSIONS AND FUTURE WORK ...................................................................................... 99 
REFERENCES ........................................................................................................................ 101 
APPENDIX A:TEST AND SIMULATION RESULTS .................................................................. 102 
APPENDIX B:MATLAB-SIMULINK MODEL OF THE EMA ................................................... 108 
 
  
4 
 
LIST OF FIGURES 
Figure 1.1: Schematic of conventional power distribution, [1].............................................. 10 
Figure 1.2: Current trends toward the MEA, [1] .................................................................... 11 
Figure 1.3: Schematic of MEA Power Distribution, [1] ........................................................ 11 
Figure 1.4: Examples of Power-by-Wire flight actuators, [2]................................................ 12 
Figure 1.5: Location of the hydraulic system in an helicopter, [4] ........................................ 14 
Figure 1.6: Main components of the hydraulic system for helicopter, [4] ............................. 14 
Figure 1.7: Example of the landing gear extension/retraction hydraulic system, [4] ............ 15 
Figure 1.8: EMA example, [6] ............................................................................................... 17 
Figure 1.9: Typical structure of an BLDCM, [4] ................................................................... 18 
Figure 1.10: Planetary gear scheme, [6] ................................................................................. 18 
Figure 1.11: Planetary roller-screw, [6] ................................................................................. 19 
Figure 1.12: EMA totally retracted, [7].................................................................................. 21 
Figure 1.13: EMA totally extracted, [7] ................................................................................. 21 
Figure 1.14: Speed profile-extension, [8]............................................................................... 22 
Figure 1.15: Speed profile-retraction, [8] ............................................................................... 23 
Figure 2.1: 3-phase BLDCM frame, [8] ................................................................................. 24 
Figure 2.2: 3-Phase BLDCM ................................................................................................. 27 
Figure 2.3: BLDCM mechanics ............................................................................................. 28 
Figure 2.4: Momentum balance referred to motor shaft ........................................................ 28 
Figure 2.5: BLDC H-bridge configuration and polarization, [10] ......................................... 29 
Figure 2.6: 3-phase BLDC commutation, [10] ...................................................................... 30 
Figure 2.7: BLDC Phase Sequencing, [10] ............................................................................ 30 
Figure 3.1: Hydraulic rig scheme, [11] .................................................................................. 40 
Figure 3.2: Hydraulic rig at Fly-by-Wire Laboratory, [11].................................................... 41 
Figure 3.3: Reference EMA settled in Hydraulic rig, [11]..................................................... 42 
5 
 
Figure 3.4: Hydraulic rig scheme, [11] .................................................................................. 42 
Figure 3.5: Extension in nominal condition: load .................................................................. 44 
Figure 3.6: Extension in nominal condition: position ............................................................ 44 
Figure 3.7: Extension in nominal condition: speed ................................................................ 45 
Figure 3.8: Retraction in nominal condition: load ................................................................. 45 
Figure 3.9: Retraction in nominal condition: position ........................................................... 46 
Figure 3.10: Retraction in nominal condition: speed ............................................................. 46 
Figure 3.11: Extension in normal condition: load .................................................................. 47 
Figure 3.12: Extension in normal condition: position ............................................................ 47 
Figure 3.13: Extension in normal condition: speed ............................................................... 48 
Figure 3.14: Retraction in normal condition: load ................................................................. 48 
Figure 3.15: Retraction in normal condition: position ........................................................... 49 
Figure 3.16: Retraction in normal condition: speed ............................................................... 49 
Figure 3.17: Extension in critical condition: load .................................................................. 50 
Figure 3.18: Extension in critical condition: position ............................................................ 50 
Figure 3.19: Extension in critical condition: speed ................................................................ 51 
Figure 3.20: Retraction in critical condition: load ................................................................. 51 
Figure 3.21: Retraction in critical condition: position ........................................................... 52 
Figure 3.22: Retraction in critical condition: speed ............................................................... 52 
Figure 3.23: Extension in FF condition (1mm/sec): friction .................................................. 53 
Figure 3.24: Extension in FF condition (1mm/sec): position................................................. 54 
Figure 3.25: Extension in FF condition (1mm/sec): speed .................................................... 54 
Figure 3.26: Retraction in FF condition (1mm/sec): friction ................................................. 55 
Figure 3.27: Retraction in FF condition (1mm/sec): position ................................................ 55 
Figure 3.28: Retraction in FF condition (1mm/sec): speed .................................................... 56 
Figure 3.29: Extension  in FF condition (4mm/sec): friction ................................................. 56 
Figure 3.30: Extension  in FF condition (4mm/sec): position................................................ 57 
6 
 
Figure 3.31: Extension  in FF condition (4mm/sec): speed ................................................... 57 
Figure 3.32: Retraction  in FF condition (4mm/sec): friction ................................................ 58 
Figure 3.33: Retraction in FF condition (4mm/sec): position ................................................ 58 
Figure 3.34: Retraction in FF condition (4mm/sec): speed .................................................... 59 
Figure 3.35: Extension in FFM condition (1mm/sec): friction .............................................. 59 
Figure 3.36: Extension in FFM condition (1mm/sec): position ............................................. 60 
Figure 3.37: Extension in FFM condition (1mm/sec): speed ................................................. 60 
Figure 3.38: Retraction in FFM condition (1mm/sec): friction ............................................. 61 
Figure 3.39: Retraction in FFM condition (1mm/sec): position ............................................ 61 
Figure 3.40: Retraction in FFM condition (1mm/sec): speed ................................................ 62 
Figure 3.41: Extension in FFM condition (3mm/sec): friction .............................................. 62 
Figure 3.42: Extension in FFM condition (3mm/sec): position ............................................. 63 
Figure 3.43: Extension in FFM condition (3mm/sec): speed ................................................. 63 
Figure 3.44: Retraction in FFM condition (3mm/sec): friction ............................................. 64 
Figure 3.45: Retraction in FFM condition (3mm/sec): position ............................................ 64 
Figure 3.46: Retraction in FFM condition (3mm/sec): speed ................................................ 65 
Figure 3.47: FF condition tests: mean friction force .............................................................. 66 
Figure 3.48: FFM condition tests: mean friction force .......................................................... 66 
Figure 3.49: FF tests: Friction amplitude ............................................................................... 67 
Figure 3.50: FFM tests: Friction amplitude ........................................................................... 68 
Figure 4.1: EMA and friction test rig scheme ........................................................................ 69 
Figure 4.2: Roller screw-jack preload scheme ....................................................................... 71 
Figure 4.3: F(𝒙) curve at FFM condition tests ....................................................................... 73 
Figure 4.4: 𝑨 at FF condition tests ......................................................................................... 74 
Figure 4.5: Fourier trans. of the friction in extension during FF condition test (2 mm/sec) .. 75 
Figure 4.6: Fourier trans. of the friction in retraction during FF condition test (2 mm/sec) .. 75 
7 
 
Figure 4.7: ηS with varying of the speed of FF friction tests ................................................. 77 
Figure 4.8: ηS with varying of the friction force valued during FF friction tests ................... 78 
Figure 4.9: ηS behaviour with external load ........................................................................... 79 
Figure 5.1: Model validation for extension in nominal condition: position........................... 85 
Figure 5.2: Model validation for extension in nominal condition: speed .............................. 85 
Figure 5.3: Model validation for extension in nominal condition: currents........................... 86 
Figure 5.4: Model validation for extension in nominal condition: current (shorted motor) .. 86 
Figure 5.5: Model validation for retraction in nominal condition: position........................... 88 
Figure 5.6: Model validation for retraction in nominal condition: speed .............................. 88 
Figure 5.7: Model validation for retraction in nominal condition: current ............................ 89 
Figure 5.8: Model validation for extension in normal condition: position ............................ 90 
Figure 5.9: Model validation for extension in normal condition: speed ................................ 91 
Figure 5.10: Model validation for extension in normal condition: current ............................ 91 
Figure 5.11: Model validation for retraction in normal condition: position .......................... 92 
Figure 5.12: Model validation for retraction in normal condition: speed .............................. 92 
Figure 5.13: Model validation for retraction in normal condition: current ............................ 93 
Figure 5.14: Model validation for extension in critical condition: position........................... 94 
Figure 5.15: Model validation for extension in critical condition: speed .............................. 95 
Figure 5.16: Model validation for extension in critical condition: current ............................ 95 
Figure 5.17: Model validation for retraction in critical condition: position........................... 96 
Figure 5.18: Model validation for retraction in critical condition: speed .............................. 97 
Figure 5.19: Model validation for retraction in critical condition: current ............................ 97 
 
Figure A.1: Model validation for extension in normal condition: position ......................... 102 
Figure A.2: Model validation for extension in normal condition: speed ............................. 102 
Figure A.3: Model validation for extension in normal condition: current ........................... 103 
8 
 
Figure A.4: Model validation for retraction in normal condition: position ......................... 103 
Figure A.5: Model validation for retraction in normal condition: speed ............................. 104 
Figure A.6: Model validation for retraction in normal condition: current ........................... 104 
Figure A.7: Model validation for extension in critical condition: position .......................... 105 
Figure A.8: Model validation for extension in critical condition: speed ............................. 105 
Figure A.9: Model validation for extension in critical condition: current ........................... 106 
Figure A.10: Model validation for retraction in critical condition: position ........................ 106 
Figure A.11: Model validation for retraction in critical condition: speed ........................... 107 
Figure A.12: Model validation for retraction in critical condition: current ......................... 107 
 
Figure B.1: LGEMAmodel: model browser ........................................................................ 108 
Figure B.2: LGEMAmodel: top-level .................................................................................. 109 
Figure B.3: LGEMAmodel:torque momentum balance ....................................................... 110 
Figure B.4: LGEMAmodel:mechanical train efficiency ...................................................... 111 
Figure B.5: LGEMAmodel:fiction force .............................................................................. 111 
Figure B.6: LGEMAmodel: lock for fully-extracted position ............................................. 112 
 
  
9 
 
INTRODUCTION 
The thesis has been carried out during the research activities of the University of Pisa on the 
study of Electro-Mechanical Actuation systems for aerospace application. According to the so-
called “all-electric” concept aiming at replacing hydraulic and pneumatic systems with electrical 
ones, the development of these systems requires accurate simulation models of the actuators to 
predict performances at different working conditions. The EMA (Electro-Mechanical Actuator) 
Simulink-Matlab modelling has been object of previous theses, and the aim of the present work is 
the enhancement and the experimental validation of the model itself. 
This work is articulated in three parts. After a brief discussion about EMA application in 
helicopters with its advantages and drawbacks, the initial version of the EMA model is described. In 
this section, model limitations are focused, introducing the model sections needing refinement. The 
second part is dedicated to description of the laboratory equipment used for the tests and the plan of 
experiments. Tests are divided into two categories, functional tests, during which EMA is extracted 
and retracted at different operative conditions in terms of voltage supply and load factor, and 
friction tests. Functional and friction tests have been performed with two different rigs. The last part 
details which model parameters have been tuned and which new model sections have been added. 
Enhancements have been done for both EMA mechanical and electrical sections. Finally, simulation 
results at different operative conditions are reported and compared with test results. These 
comparisons let to program future works, analysing which model section and parameters have been 
improved in the best way is possible and which ones need more attention and further analysis.  
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1 ELECTROMECHANICAL ACTUATION FOR HELICOPTER 
APPLICATIONS 
Conventional aircraft and helicopter architectures embody a combination of systems 
dependent on mechanical, hydraulic, pneumatic, and electrical sources. In a conventional 
architecture (Figure 1.1 is a basic schematic) fuel is converted into power by the engines. Most of 
this power is used as propulsive power and the remainder is converted into four main forms of non-
propulsive power: pneumatic power, mechanical power, hydraulic power, and electric power. 
 
Figure 1.1: Schematic of conventional power distribution, [1] 
Each system has become more and more complex and interaction between different pieces 
of equipment reduces the efficiency of the whole system. For example, a simple leak in the 
pneumatic or hydraulic system may lead to the outage of every user of that network. The leak is 
generally difficult to locate and once located it cannot be accessed easily [1]. 
There is a general trend in the aerospace industry toward increasing the use of electrically-
powered equipment. This trend is usually referred to as “Power-by-Wire” in the “More Electric 
Aircraft” (MEA) concept, as presented in Figure 1.2, and it tries to optimize the management of 
electrical power on aircraft , as schematically shown in Figure 1.3, in order to reduce non-
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propulsive power and reduce fuel consumption, while increasing the reliability and safety of 
onboard systems and reducing maintenance costs. 
 
Figure 1.2: Current trends toward the MEA, [1] 
 
Figure 1.3: Schematic of MEA Power Distribution, [1] 
The MEA concept includes new high-powered electric actuation systems. In the field of 
actuators, alternative architectures for primary and secondary flight control, as well as new landing 
gears, braking, nacelle actuation, and horizontal stabilizer architecture are being examined. 
1.1 Advantages of electromechanical actuation and lessons learned 
According to MEA concept, a large set of actuators has been studied, among which Electro-
Hydrostatic Actuators (EHA) and Electro-Mechanical Actuators (EMA). In the EHA solution, a 
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distributed hydraulic system is used whereas in the EMA solution the hydraulics is replaced by an 
electrical machine, a gearbox, and/or a screw mechanism, as shown in Figure 1.4 
 
Figure 1.4: Examples of Power-by-Wire flight actuators, [2] 
In new aircraft, such as Airbus A380 and Boeing B787, one or more hydraulic systems have 
been replaced by EHA networks, which are used as a backup for other hydraulic systems [3]. This 
is an electrical subsystem that provides locally hydraulic actuation capability. However, a drawback 
linked to the use of these actuators is their initial and maintenance cost, which is higher than for 
totally electromechanical actuators. EMA is an appealing alternative to EHA, since it allows the 
elimination of local hydraulic circuits, implying a significant maintenance cost reduction due to the 
absence of wearing parts such as seals. In the following table we observe a trade-off summary of 
both systems. 
 
Table 1.1: Features of EHA and EMA systems, [2] 
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A great deal of attention will be paid to the safety issues introduced by these new design 
concepts. In hydraulic systems, an actuator leak that could result in jeopardizing the flight safety is 
usually isolated. The same concept is applied to electrical systems, that is, a critical actuator failure 
can easily be isolated. On the other hand, hydraulic system is a continuous load on the engine if the 
hydraulic power is used for actuation or not, while in EMA actuators the electric load is on demand 
just when it is needed [2]. 
 So, compared to an EHA, the EMA has certain advantages. It is lighter, smaller, and less 
complex than an equivalent EHA; since, there are no hydraulic fluid in the load path, the EMA 
tends to be stiffer than an equivalent EHA. The EMA tends to be more efficient because there are 
no winding losses or pump inefficiencies. Finally, since there is no leak potential with an EMA, it is 
better suited to long-term storage or space applications. 
The MEA approach, replacing centralized aircraft hydraulic power system with an electrical 
power system, may greatly improve reliability, and maintenance and support potential, as well as 
the possibility for significant improvements in terms of weight, volume, and system complexity. 
Some of the expected advantages are: 
 Weight reduction, achieved with a sophisticated Power Management System, which 
manages the supply of electrical power to utilities and avoids eventual blackout; 
 Reduction of total and maintenance costs; 
 A significant reduction in the fuel burn, using an electrically powered ECS 
(Environmental Control System); 
 Eco friendliness, eliminating the problem of disposal of hydraulic fluid, generally 
highly flammable and polluting. 
EMA technologies are already being used in aeronautics, but for safety reason they are 
limited to Secondary Flight Controls or used in military aircraft, where they were proposed and 
validated during the 1990s. In its basic form, the EMA is susceptible to single-point failure that can 
lead to a mechanical jam. Additional devices can be used to mitigate against this failure mode, but 
in so doing complexity, cost , and weight are increased. For this reasons, the basic EMA is not 
suited for primary flight control application. 
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1.2 Electromechanical landing gear systems for helicopters 
The advantage of More Electric Systems are not confined to aircraft. Other sustainable 
transport systems can also take advantages of the advances in this area, such as helicopter where 
nowadays hydraulic systems are greatly used; we observe its location and main components in 
Figure 1.5, 1.6. 
 
Figure 1.5: Location of the hydraulic system in an helicopter, [4] 
 
Figure 1.6: Main components of the hydraulic system for helicopter, [4] 
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Another main function of the hydraulic systems in the helicopter is the supplying of the 
landing gear actuation (shown in Figure 1.7). Substituting hydraulic actuation with new generation 
EMA actuation, the hydraulic system is going to be replaced with electrical system. It is possible 
considering that landing gear system isn’t a primary control system, even if its fault could have 
catastrophic consequences. 
 
Figure 1.7: Example of the landing gear extension/retraction hydraulic system, [4] 
The hydraulic scheme in Figure 1.7 shows well advantages given by electro-mechanical 
actuator controlled in terms of speed. In spite of electro-mechanical actuation, with hydraulic 
solution, system works as an open-loop with an actuation velocity governed by a resistor, and it is 
function of the operative temperature: 
16 
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where A is the piston area and Pa, Ps, and Pr are values of pressure in two actuator chambers and the 
relieve pressure, here assumed about zero, respectively, so: 
𝑉𝑎 =
𝐴𝑠
𝐴
 
2
𝜌𝐾𝑠
 𝑃𝑠 +
𝐹𝑒𝑥𝑡
𝐴
  (2)  
Moving from the present hydraulic actuation to EMA actuation while maintaining the same 
level of safety is today a major challenge for aeronautics with the goal of decreasing production and 
maintenance costs, height of drives, gas consumption, and pollution emissions. To achieve this 
objective, special attention has to be paid with the EMA jamming, that is, when the drive roller 
screw is getting stacked. The new systems have to be able to predict and detect it, which is called 
jamming free. In this context , the major step forward toward moving from EHAs to jam-free EMAs 
is the prevention of potential jamming cases through the appropriate technology and monitoring, 
and then providing fault-tolerant systems for increased reliability. In such a way, these highly safe 
and reliable EMA technologies will contribute to fulfilling the social demand for sustainable means 
of transport [5].  
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1.2.1 Typical EMA solutions 
The design requirements of landing gear actuation are many. High reliability and safety, low 
cost, minimum weight, high level of integrity, and good maintainability are all demanded. These 
requirements are conflicting in several aspects. However, certain priorities exist. Based on the 
requirement listed above, an EMA system for the subject landing gear has been designed and 
modelled. 
In Figure 1.8 we observe an example of electromechanical actuator. Its main components 
are: 
 Electric motor; 
 Gearbox; 
 Screw-jack; 
 Power electronics; 
 Control electronics. 
 
Figure 1.8: EMA example, [6] 
As electric motor has been chosen a permanent magnet synchronous motors (PMSM, also 
called “brushless motor”)with trapezoidal modulation, BLDCM (Figure 1.9). In the PMSMs there 
are no brushes (from here the definition): one or more permanent magnets are mounted on  the rotor 
18 
 
for generating a constant-amplitude magnetic field, and the commutation of stator phase is operated 
electrically, by sensing the shaft rotation. In the BLCDM, the switching logics performed on the 
power bridges is simpler and the overall reliability is higher. On the other hand, the phase currents 
are characterised by higher harmonic components and the torque ripple can be an issue, it depicts a 
limitation of motor performances related to thermal aspects: torque implies current and the heat 
generated for Joule effect can induce malfunctions.  
 
Figure 1.9: Typical structure of an BLDCM, [4] 
The gearbox allows optimum motor operation. It allows the motor to work at angular 
velocity value different from that of the screw. Our reference EMA presents, for size reason also, an 
two stage planetary gearbox. It consists of planet gear, sun gear, ring gear, and planet carrier (Figure 
1.10). 
 
Figure 1.10: Planetary gear scheme, [6] 
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Between the two stages of the planetary gearbox is also inserted a manual controlled 
mechanical device which, in case of faults, separates them, letting to extract the landing gear only 
by gravity force (Free-Fall release system). 
A screw-jack is necessary to convert rotational motion to linear motion. Screw jacks are 
susceptible to jamming, particularly when operating under vibration and dynamic loads, so many 
research efforts have been made on the developing and testing roller-screw solution. In our object of 
study planetary roller-screw have been selected (Figure 1.11). Planetary roller-screws is based on 
the kinematics that emulate a planetary gearbox. The roller are screwed and they are coupled with 
both the screw-jack and the screwed nut. The motion of the rollers is like that of a satellite in a 
planetary gear: the screw-jack acts as the sun of the planetary gear transmitting the rotation to the 
rollers which move as satellites for the ring gear connection, and the nut moves axially thanks to the 
screws transmission of the rollers.  
 
Figure 1.11: Planetary roller-screw, [6] 
The EMA power electronics comprehends all the electronic components and devices used 
for generating the phase currents starting from the electrical voltage supply. This is obtained by 
electrically switching the DC power supply through a power bridge network composed of 
semiconductor devices, also called “power switches”. Power switches chosen in our application are 
Metal-Oxide Semiconductor Field-Effect Transistors (MOSFET), which are unipolar voltage-
controlled devices. 
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The EMA control electronics comprehends  all the electronic components and devices used 
to implement closed-loop control functions (e.g. on currents, motor speed, and actuator position) 
and to provide the necessary signals for health monitoring functions. 
1.2.2 Reference EMA 
The reference electromechanical actuator has been designed for helicopter landing gear 
actuation. It has a linear functioning and has a mechanical down-lock, which stops piston when it 
comes to the end stroke, that is when it is totally extracted. This mechanical stop send an electrical 
signal, through the control unit, to the cockpit monitor to signal actuator position (totally 
extracted/totally retracted).  
So, components of our reference EMA are: 
 Cylinder; 
 Piston; 
 Electromagnetic brake; 
 BLDCM; 
 Planetary gearbox; 
 Free-fall release system; 
 Planetary roller-screw; 
 Electronic control unit. 
 
The EMA weights 88.3 N and has a total run of 264 mm, so, when it is totally retracted has a 
length of 616 mm, and when it is totally extracted has a length of  880 mm, as we observe in Figure 
1.12 and 1.13 respectively. 
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Figure 1.12: EMA totally retracted, [7] 
 
Figure 1.13: EMA totally extracted, [7] 
There are four different operative conditions for the system: nominal, normal, critical, and 
limit. They are defined in terms of temperature, vertical acceleration and supply voltage, but in this 
work of thesis we omit the first dependence, reducing to two the dependences above described. The 
following tables sum up the four operative conditions and extension/retraction time at different 
operative conditions: 
Operative Condition Vertical Acceleration (g) Supply Voltage (V) 
Nominal 1 28 
Normal 1.5 22 or 30.3 
Critical 3.5 20.5 or 32.2 
Limit 3.5 14 
Table 1.2: EMA operative conditions 
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Operative condition  Full extension/retraction cycle 
“Nominal” or “Normal”  <20 sec 
“Critical”  <40 sec 
Table 1.3: Extension/Retraction times 
EMA is equipped with four proximity switches, to sense the following positions and so 
letting to get a position control: 
 0% of the stroke; 
 25% of the stroke; 
 75% of the stroke; 
 100% of the stroke. 
The demand speed which actuator has to follow during extension and retraction is 
characterized by a two-level profile, Figure 1.14, 1.15: 
 
Figure 1.14: Speed profile-extension, [8] 
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Figure 1.15: Speed profile-retraction, [8] 
In extension, when the actuator runs from totally-retracted position up to the 75% of the 
stroke, speed is held at a fixed design set point, then is held constant up to the end stroke. A similar 
behaviour is defined for retraction, but the actuator runs at design speed from the totally-extended 
position to 25% stroke and then its speed set point is halved. 
1.2.3 Importance of modelling and simulation for the EMA design 
As the main part of the electrical drive, the safety and reliability of electric motors, as well 
as power electronics and control, become fundamental to make sure that the actuation system is 
safe. This is why carries and flight companies are more interested than ever in the adoption of new 
condition-monitoring techniques to check and evaluate performance conditions of both the rotating 
electrical machines and the whole electronics [2] without taking the actuator out of service. A 
simplified version of the EMA model should be used for the condition monitoring. 
On the other hand, a detailed and tuned model of EMA actuator, which is the most accurate 
is possible, becomes essential during its project design. The model is a useful tool to synthesize 
control law and it gives a great contribution during control design. It allows, without using a rig, 
which is time and money consuming, to characterize its performance at different operative 
conditions, in fact it enables to test EMA, not only without having a real EMA and so a rig, but also 
at extreme operative conditions, which could damage an EMA during a real test. So, it represents a 
great help during EMA general design project, also letting to develop improving solutions. 
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2 EMA MATLAB-SIMULINK MODEL: INITIAL VERSION 
This section describes the initial detailed version of the actuator Matlab-Simulink model 
generated during previous works of thesis [4] [6] [9] and enounces the objectives of model 
enhancement that will be in detail explained in the next sections. 
2.1 Model sections 
Each part of the EMA model is going to be analyzed separately and for each of them will be 
shown its numerical and Simulink model [8]. 
2.1.1 3-Phase brushless motor with trapezoidal modulation (BLDCM) 
3-Phase BLDCM model has been developed on rotor reference frame as shown in Figure 
2.1, where for greater legibility is shown only a couple of magnetic poles on the rotor. 
 
Figure 2.1: 3-phase BLDCM frame, [8] 
The model of PMSM has been developed on rotor reference frame by using the following 
assumptions: 
 Hysteresis, saturation, and other motor magnetic non-linearity are neglected; 
 The motor is magnetically symmetrical with respect to its phases; 
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 Permanent magnets are rare earth magnet and their magnetic reluctance on quadrant 
axis is infinite than that on direct axis; 
 Motor phases are magnetically separated; 
 Reluctances due to other motor ferromagnetic parts are neglected. 
Magnetic fluxes are so mathematically expressed: 
 
  
 
  
 𝜑𝑎 =
𝑁
ℜ𝑝
𝑖𝑎 +
𝛷𝑚
ℜ𝑚0
 𝑓𝑚𝑎  𝜃𝑒 
𝜑𝑏 =
𝑁
ℜ𝑝
𝑖𝑏 +
𝛷𝑚
ℜ𝑚0
 𝑓𝑚𝑏  𝜃𝑒 
𝜑𝑐 =
𝑁
ℜ𝑝
𝑖𝑐 +
𝛷𝑚
ℜ𝑚0
 𝑓𝑚𝑐  𝜃𝑒 
  
 
(3)  
where 𝑓𝑚𝑥  is a magnetic flux shape function relative to phase x (=a, b or c), it has in general a 
triangular shape. 
Thus, phase current dynamics are described by: 
 
 
 
 
 𝑉𝑎 = 𝑅𝑖𝑎 + 𝑁
𝑑𝜑𝑎
𝑑𝑡
= 𝑅𝑖𝑎 + 𝐿
𝑑𝑖𝑎
𝑑𝑡
+ 𝑒𝑎
𝑉𝑏 = 𝑅𝑖𝑏 + 𝑁
𝑑𝜑𝑏
𝑑𝑡
= 𝑅𝑖𝑏 + 𝐿
𝑑𝑖𝑏
𝑑𝑡
+ 𝑒𝑏
𝑉𝑐 = 𝑅𝑖𝑐 + 𝑁
𝑑𝜑𝑐
𝑑𝑡
= 𝑅𝑖𝑐 + 𝐿
𝑑𝑖𝑐
𝑑𝑡
+ 𝑒𝑐
  
 
(4)  
where 𝑅  is phase resistance and 𝐿  self inductance: 𝐿 =
𝑁2
ℜ𝑝
 , and 𝑒𝑥(=a,b or  c)  are the back-
electromotive forces: 
 
  
 
  
 𝑒𝑎 = 𝑁
𝜕𝜑𝑎
𝜕𝜃𝑒
𝜃𝑒 = 𝜆𝑚𝐾𝑒𝑎 (𝜃𝑒)𝜃𝑒 
𝑒𝑏 = 𝑁
𝜕𝜑𝑏
𝜕𝜃𝑒
𝜃𝑒 = 𝜆𝑚𝐾𝑒𝑏 (𝜃𝑒)𝜃𝑒 
𝑒𝑐 = 𝑁
𝜕𝜑𝑐
𝜕𝜃𝑒
𝜃𝑒 = 𝜆𝑚𝐾𝑒𝑐 (𝜃𝑒)𝜃𝑒 
  
 
(5)  
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with 𝜆𝑚 =
𝑁𝛷𝑚
ℜ𝑚0
 (rotor magnetic flux) and 𝐾𝑒𝑥  𝜃𝑒 = 𝑓
′
𝑚𝑥
 𝜃𝑒  (back-electromotive force shape 
function): 
𝐾𝑒𝑎  𝜃𝑒 =
 
 
 
 
 
 
 
 
 
 
 
2
𝜋 − 𝛽𝑚
𝜃𝑒 ,                                                              0 ≤ 𝜃𝑒 <
𝜋 − 𝛽𝑚
2
 
1 ,                                                                
𝜋 − 𝛽𝑚
2
≤ 𝜃𝑒 <
𝜋 + 𝛽𝑚
2
 
−
2
𝜋 − 𝛽𝑚
(𝜃𝑒 − 𝜋),                                 
𝜋 + 𝛽𝑚
2
≤ 𝜃𝑒 <
3𝜋 − 𝛽𝑚
2
−1,                                                            
3𝜋 − 𝛽𝑚
2
≤ 𝜃𝑒 <
3𝜋 + 𝛽𝑚
2
2
𝜋 − 𝛽𝑚
𝜃𝑒 ,                                                       
3𝜋 + 𝛽𝑚
2
≤ 𝜃𝑒 < 2𝜋
  
 
(6)  
𝐾𝑒𝑏  𝜃𝑒 = 𝐾𝑒𝑎  𝜃𝑒 − 2𝜋/3  (7)  
𝐾𝑒𝑐  𝜃𝑒 = 𝐾𝑒𝑎  𝜃𝑒 + 2𝜋/3  (8)  
where 𝛽𝑚  is a section of the electric angle where the shape function is constant and is equal to 2𝜋/
3. Considering that the electric angle is linked to mechanical angle: 
𝜃𝑒 = 𝑛 𝑑𝜃𝑚  (9)  
Then 
 
 
 
 
 𝑉𝑎 = 𝑅𝑖𝑎 + 𝐿
𝑑𝑖𝑎
𝑑𝑡
+ 𝜆𝑚𝑛 𝑑𝜃𝑚 𝐾𝑒𝑎  𝑛 𝑑𝜃𝑚           
𝑉𝑏 = 𝑅𝑖𝑏 + 𝐿
𝑑𝑖𝑏
𝑑𝑡
+ 𝜆𝑚𝑛 𝑑𝜃𝑚 𝐾𝑒𝑎 (𝑛 𝑑𝜃𝑚 −
2𝜋
3
)
𝑉𝑐 = 𝑅𝑖𝑐 + 𝐿
𝑑𝑖𝑐
𝑑𝑡
+ 𝜆𝑚𝑛 𝑑𝜃𝑚 𝐾𝑒𝑎 (𝑛 𝑑𝜃𝑚 +
2𝜋
3
)
  
 
(10)  
and by multiplying each equation by its phase current respectively, so having the motor power 
balance: 
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 𝑉𝑎 𝑖𝑎 = 𝑅𝑖𝑎
2 + 𝐿𝑖𝑎
𝑑𝑖𝑎
𝑑𝑡
+ 𝜆𝑚𝑛 𝑑𝜃𝑚 𝑖𝑎𝐾𝑒𝑎  𝑛 𝑑𝜃𝑚            
𝑉𝑏 𝑖𝑏 = 𝑅𝑖𝑏
2 + 𝐿𝑖𝑏
𝑑𝑖𝑏
𝑑𝑡
+ 𝜆𝑚𝑛 𝑑𝜃𝑚 𝑖𝑏𝐾𝑒𝑎  𝑛 𝑑𝜃𝑚 −
2𝜋
3
 
𝑉𝑐 𝑖𝑐 = 𝑅𝑖𝑐
2 + 𝐿𝑖𝑐
𝑑𝑖𝑐
𝑑𝑡
+ 𝜆𝑚𝑛 𝑑𝜃𝑚 𝑖𝑐𝐾𝑒𝑎  𝑛 𝑑𝜃𝑚 +
2𝜋
3
 
  
 
(11)  
where 𝜆𝑚  is the mechanical power contribution to the total power balance, which let to obtain the 
motor torque, by eliminating all angular speed terms: 
𝑇𝑚 = 𝜆𝑚𝑛 𝑑  𝐾𝑒𝑎  𝑛 𝑑𝜃𝑚  𝑖𝑎 + 𝐾𝑒𝑎  𝑛 𝑑𝜃𝑚 −
2𝜋
3
 𝑖𝑏 + 𝐾𝑒𝑎  𝑛 𝑑𝜃𝑚 +
2𝜋
3
 𝑖𝑐  (12)  
Simulink implementation: 
Below we can observe BLDCM Simulink model: 
 
Figure 2.2: 3-Phase BLDCM 
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Figure 2.3: BLDCM mechanics 
 
Figure 2.4: Momentum balance referred to motor shaft 
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2.1.2 PMW control of the motor 
The 3-phase electric motor drive is obtained via PWM (Pulse-Width Modulation). Our 
reference BLDCM uses three phases with three windings connected to a common point, called 
“wye” connection,  and each phase is driven by ½ H-bridge (Figure 2.5). Thanks to the switching of 
six MOSFETs of the power bridge, the voltage at each of the three motor connections (U,V,W) can 
be set to +VS, OPEN or PWM-modulation between GROUND (i.e. 0V) and OPEN. These three 
possible conditions are defined by the setting of the switches, which are defined: 
 HIGH, if high-side MOSFET is ON and low-side MOSFET is OFF; 
 ZERO, if both MOSFETs are OFF; 
 LOW/PWM, if high-side MOSFET is OFF and low-side MOSFET is ON/PWM 
between ON/OFF. 
 
Figure 2.5: BLDC H-bridge configuration and polarization, [10] 
Commutation is accomplished by sensing the rotor position using Hall sensors, which 
respond to the moving magnetic field of the rotor. Each Hall Effect sensor has 180 degrees at HI 
and 180 degrees at LO. An internal Logic Block continuously reads the state of the Hall effect 
sensors and a change on one of them commands a change on the H-Bridge state which is polarized 
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according to next commutation step (Figure 2.6, Figure 2.7). So, the Hall sensors provide 
information about rotor position, which is used to drive the correct outputs to make the motor move. 
Outputs are simply a function of the hall sensor inputs [10]. 
 
Figure 2.6: 3-phase BLDC commutation, [10] 
 
Figure 2.7: BLDC Phase Sequencing, [10] 
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In the EMA model, the Hall-sensor modulation of the voltage demand is realized by 
multiplying the voltage demand with the following demand shape function: 
𝐾𝑎𝑑𝑒𝑚  𝜃𝑒𝑑𝑒𝑚  =
 
 
 
 
 
 
 
 
 0,                                                                                         0 ≤ 𝜃𝑒𝑑𝑒𝑚 <
𝜋
6
 
1 ,                                                                                    
𝜋
6
 ≤ 𝜃𝑒𝑑𝑒𝑚 <
5𝜋
6
  
0,                                                                                   
5𝜋
6
≤ 𝜃𝑒𝑑𝑒𝑚 <
7𝜋
6
−1,                                                                                 
7𝜋
6
≤ 𝜃𝑒𝑑𝑒𝑚 <
11𝜋
6
0,                                                                                     
11𝜋
6
≤ 𝜃𝑒𝑑𝑒𝑚 < 2𝜋
  
 
(13)  
𝐾𝑏𝑑𝑒𝑚  𝜃𝑒 = 𝐾𝑎𝑑𝑒𝑚  𝜃𝑒𝑑𝑒𝑚 − 2𝜋/3  (14)  
𝐾𝑐𝑑𝑒𝑚  𝜃𝑒 = 𝐾𝑎𝑑𝑒𝑚  𝜃𝑒𝑑𝑒𝑚 + 2𝜋/3  (15)  
PWM is used to control motor speed. The PWM coil drive is characterized by high-
frequency switching cycles, during which a significant amount of electrical power passes through 
the circuitry, so high-reliability and high-performance power switches must be used, such as 
MOSFET used in our reference motor. The average value of voltage (and current) fed to the load is 
controlled by turning the switch between supply and load on and off at a fast rate.  
Through working principle of the PWM coil drive, the H-bridge state is obtained by 
comparing a target voltage signal (VPWM) with a control voltage signal (Vctrl). If the target voltage 
amplitude is lower than the control voltage signal the state is set to ZERO, otherwise the state is 
HIGH or LOW if the target voltage is positive or negative respectively. The control voltage signal 
is a pulse wave signal of period TPWM, so called duty cycle period. The term “duty cycle” describes 
the proportion of 'on' time to the regular interval or 'period' of time; a low duty cycle corresponds to 
low power, because the power is off for most of the time. Duty cycle is expressed in percent, 100% 
being fully on. As example, PWM voltage modulation on phase A in case of required sinusoidal 
voltage is reported. 
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Figure 2.8: Example of PWM voltage modulation, [8] 
Simulink implementation: 
The following figures show a PWM model done with the aid of Simulink: 
 
Figure 2.9:Demand modulation via Hall sensors 
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Figure 2.10: PWM electronics Simulink model 
 
Figure 2.11: PWM switch Simulink model –phase a (equal to the other two phases) 
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2.1.3 Motor shaft dynamics 
The EMA dynamics id described by assuming that all parts of mechanical transmission are 
perfectly rigid, so a linear relationship can be used to link landing gear leg rotation (𝛼𝑐 ) to its 
moving (𝑥𝑎 ): 
𝛼𝑐 =
𝑥𝑎
𝑕𝑎
 
(16)  
where 𝑕𝑎  is the distance from the fulcrum of the lever represented by actuator kinematics., so it 
changes during extension/retraction actuation. We assume that 𝛼𝑐  ,𝑥𝑎  have zero value when the 
landing gear is totally retracted. 
The actuator kinematics is described in Figure 2.12: 
 
Figure 2.12: Landing gear kinematics 
By analyzing the kinematics scheme above, we obtain 𝑕𝑎  as non-linear function of actuator 
position. So we can link landing gear rotation to actuator position and rotation: 
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𝑙𝑎 cos𝛽 + 𝑔𝑎 cos𝛼 = 𝑑𝑎
𝑙𝑎 sin𝛽 − 𝑔𝑎 sin𝛼 = 𝑒𝑎
  
(17)  
where 𝑙𝑎(= 𝑙𝑎𝑚𝑖𝑛 + 𝑥𝑎) is the actuator total length. Other quantities are calculated: 
 
 
 tan𝛽 =
𝑒𝑎 + 𝑔𝑎 sin𝛼
𝑑𝑎 − 𝑔𝑎 cos𝛼
        
𝑥𝑎 =
𝑑𝑎 − 𝑔𝑎 cos𝛼
cos𝛽
− 𝑙𝑎𝑚𝑖𝑛
  (18)  
𝑕𝑎(𝑥𝑎) =
𝑑𝑥𝑎
𝑑𝛼
 (19)  
The following step is evaluating the system equivalent inertia: 
𝐽𝑡𝑜𝑡  𝑥𝑎 =
𝐽𝑐𝑝𝑠
2
4𝜋2𝜏𝑔2𝑕𝑎(𝑥𝑎)2
+
𝑚𝑛𝑝𝑠
2
4𝜋2𝜏𝑔2
+
𝐽𝑠 + 𝐽𝑔
𝜏𝑔2
+ 𝐽𝑚  (20)  
and the momentum balance equation, referring to motor shaft, where we find other contribution 
neglected before: 
𝐽𝑡𝑜𝑡 𝜃 𝑚 = 𝑇𝑚 + 𝑁𝑧𝐹𝑒𝑥𝑡
𝑝𝑠
2𝜋𝜏𝑔
+ 𝑇𝑏 + 𝑇𝜂 + 𝑇𝜈 + 𝑇𝑚𝑐  (21)  
In reference to following system mechanical scheme (Figure 2.13) ,each contribute is so defined: 
 
Figure 2.13: System mechanical scheme, [8] 
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 𝑇𝑚 , Electric Torque; 
 𝑁𝑧 , Vertical load factor; 
 𝐹𝑒𝑥𝑡 , external load applied on actuator with 𝑁𝑧 = 1; 
 𝑇𝑏 , torque due to electromagnetic stop; 
 𝑇𝜂 , friction torque due to loss in gear ratio: 𝑇𝜂 = − 
1
𝜂𝑔𝜂𝑠
− 1 𝑁𝑧  𝐹𝑒𝑥𝑡  
𝑝𝑠
2𝜋𝜏𝑔
𝑠𝑔𝑛(𝜃 𝑚 )  , 
where 𝜂𝑔 ,𝜂𝑠 are gear and screw efficiencies respectively ; 
 𝑇𝜈 , viscous friction torque: 𝑇𝜈 = −𝐵𝑚𝜃 𝑚 , where 𝐵𝑚  is the viscous friction coefficient ; 
 𝑇𝑚𝑐 , detent torque: 𝑇𝑚𝑐 = −𝑇𝑚𝑐𝑚𝑎𝑥 sin( 𝑝𝑇𝑚𝑐 𝜃𝑚 ), where 𝑇𝑚𝑐𝑚𝑎𝑥  is the Peak detent torque 
and 𝑝𝑇𝑚𝑐  its period. 
 
2.1.4 EMA closed-loop control 
Concerning the closed-loop control architecture, reference EMA is characterised by a motor 
shaft speed control. Velocity-feedback loop is necessary to achieve a very stable position loop. The 
kind of control chosen is Proportional-Integral Control , which parameters are summed up in Table 
2.1. As is seen in following figure, a speed discrete rate limiter is implemented inside speed control 
block (Figure 2.14). 
Parameter 
Value 
 Definition 
Extension Retraction 
Kcw 0.005 0.002 V sec/rad Proportional gain 
zcw 12.57 94.25 rad/sec Integral zero 
wmdotmax 777.8 rad/sec
2 
Command speed max rate 
wmH 590.596 rad/sec High speed command 
wmL 280.264 rad/sec Low speed command 
Vdemth 0.8 V SW brake max voltage command 
Table 2.1: Closed-loop control parameters 
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Figure 2.14: Speed closed-loop scheme 
Simulink implementation: 
 
Figure 2.15: Motor control and dynamics 
 
Figure 2.16: Speed control 
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Figure 2.17: Speed rate limiter 
 
2.2 Objectives of model enhancement 
To improve and enhance the Matlab-Simulink EMA model, we are going to: 
 elaborate a more accurate friction forces model and EMA inertia characterisation, by 
analysing EMA response obtained during functional and friction tests, explained in 
details in next section.; 
 produce a simple model of the mechanical train efficiency; 
 carry out a simplified identification of actuator down-lock dynamics parameters, 
actually not included in the model; this should improve the model behaviour during 
transient start-up from down-lock position; 
 improve the motor parameters identification and the synchronization of command 
and control logics. 
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3 EXPERIMENTAL CHARACTERISATION OF THE EMA 
DYNAMICS 
In this section, the test plan on the EMA is explained. Two different hydraulic rigs are used 
to functional and friction tests respectively. EMA extension/retraction is tested at different operative 
conditions: nominal, normal, critical, and limit condition. As example, just few of all conditions 
extension/retraction results are reported, other results are observable at Appendix A. 
EMA prototype used for tests is shown in Figure 1.12 and Figure 1.13. It contains a 
mechanical frame integrated with an electric motor and the ACU, Actuator Control Unit. It is 
mounted on the rig through two end spherical joints . The ACU receives command from PC test, 
and after performing the command, it sends timing information to PC test. It is done through an 
elecrical interface. 
3.1 Test plan 
Functional tests have been done at following operative conditions [7]: 
 Nominal extension/retraction: Nz= 1, VDC=28 V; 
 Normal extension/retraction: Nz= 1.5, VDC=22 V; Nz= 1.5, VDC=30.3 V; 
 Critical extension/retraction: Nz= 3.5, VDC=20.5 V; Nz= 1.5, VDC=32.2 V; 
 Limit extension/retraction: Nz= 35, VDC=14 V. 
Friction tests are helpful to evaluate friction forces during extension/retraction moving at 
different speed values. Two operative modes are considered: 
 FREE-FALL (FF): screw and motor are manually disconnected and actuator can be 
moved by external forces, while ACU turns off the power to motor and 
electromagnetic stop, which so doesn’t work. In this way, motor is stopped by an 
electromechanical brake while it is mechanically separated from its jack-screw. 
Under this condition, it’s possible to calculate friction forces due to screw/nut and 
piston/cylinder contacts and due to the second stage of the planetary gearbox ; 
 MODIFIED FREE-FALL (FFM): to evaluate friction forces due to the first stage of 
planetary gearbox and motor bearings it is necessary that ACU continues to power 
the motor brake. So, Free-Fall is not setted, i.e. screw and motor are still connected, 
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and external forces carry on in rotation all system mechanical components during 
actuator extension/retraction. 
3.2 Testing instruments 
All tests planned above have been made on hydraulic rigs placed in Structures and Materials 
Laboratory and Fly-by-wire Laboratory at DICIAer (Department of Industrial and Civil 
Engineering-Aerospace Division) of University of Pisa. Rigs are now briefly described. 
3.2.1 Hydraulic rig for EMA functional tests 
The testing system used for EMA functional tests is shown in Figure 3.1 [11], and its main 
elements are: 
 
Figure 3.1: Hydraulic rig scheme, [11] 
 Hydraulic rig: a steel structure, in which a servo-hydraulic actuator is included and 
connected with two spherical joints. Servo-hydraulic actuator can be used with two 
closed-loop controls (position or load) through the rig control unit, which also 
includes a load cell and a position transducer. 
 Power supply: HP 6032A, 0-60 V, 0-50 Amp, with a 1kW power supply limit. This 
device is configurable in real time, through GPIB protocol and the PC test. 
 Test control devices: test control is granted to two main devices: 
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o Rig control unit: sends command to the servovalve of the servo-hydraulic 
actuator and also provides electrical supply to the load cell and the transducer 
and acquires their outputs. 
o PC-test 1: through a specific application developed with Lab-View, PC-test 
sends the “Start” signal to the rig to start the load simulation on the EMA, the 
command signal to the Power Supply to power ACU, and other command 
signals necessary to do tests planned. Then, it acquires all necessary 
responses from rig and ACU. 
o PC-test 2: through the PC-test 2 equipped with AD/DC printed circuit board 
the control unit generates a command signal to repeat the corresponding load 
(Real time closed-loop force control). This application is developed through 
Matlab-Simulink xPC-Target on PC-test and loaded via Ethernet. 
In following figures the real hydraulic rig is shown: 
 
Figure 3.2: Hydraulic rig at Fly-by-Wire Laboratory, [11] 
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Figure 3.3: Reference EMA settled in Hydraulic rig, [11] 
3.2.2 Hydraulic rig for EMA friction characterisation 
During friction tests, EMA is settled in the hydraulic rig (Figure 3.4) through spherical 
joints. 
 
Figure 3.4: Hydraulic rig scheme, [11] 
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This hydraulic rig is placed at DICIAer Laboratory. Load actuator control is ensured by a 
Workstation with HW Input/output and by a Software which leads to set static and dynamic loads 
and to operate force and placement controls. In the same way  it has been done during functional 
tests, a PC-test is connected.  
3.3 Test results 
For both kind of tests are now shown the results. 
3.3.1 Extension/Retraction with different operative conditions 
During functional tests, position and force responses are captured and stored. Speed 
response is obtained as derivate of position signal, which has been filtered before. Also the load 
demand curve is obtained from the position response by using a look-up table, whose input is 
actuator position xa and gives as output the load on actuator with an unitary load factor, which gives 
the Load demand by multiplying for Nz. 
Hence, next figures show force, position and speed responses for extension/retraction 
actuator motions with following conditions (for other operative condition results refer to Appendix 
A):  
 Nominal condition, Nz =1 and Vsupply=28V (Figures 3.5-3.10); 
 Normal condition, Nz =1 and Vsupply=22V (Figures 3.11-3.16); 
 Critical condition, Nz =1 and Vsupply=20.5V (Figures 3.17-3.22). 
44 
 
 
Figure 3.5: Extension in nominal condition: load 
 
Figure 3.6: Extension in nominal condition: position 
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Figure 3.7: Extension in nominal condition: speed 
 
Figure 3.8: Retraction in nominal condition: load 
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Figure 3.9: Retraction in nominal condition: position 
 
Figure 3.10: Retraction in nominal condition: speed 
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Figure 3.11: Extension in normal condition: load 
 
Figure 3.12: Extension in normal condition: position 
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Figure 3.13: Extension in normal condition: speed 
 
Figure 3.14: Retraction in normal condition: load 
49 
 
 
Figure 3.15: Retraction in normal condition: position 
 
Figure 3.16: Retraction in normal condition: speed 
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Figure 3.17: Extension in critical condition: load 
 
Figure 3.18: Extension in critical condition: position 
51 
 
 
Figure 3.19: Extension in critical condition: speed 
 
Figure 3.20: Retraction in critical condition: load 
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Figure 3.21: Retraction in critical condition: position 
 
Figure 3.22: Retraction in critical condition: speed 
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3.3.2 Friction evaluation 
By using results acquired during tests in FF and FFM conditions, at varying of the speed of 
extension/retraction and with no external load applied, it was possible to evaluate just primary no-
load friction. For example, considering the screw-jack the no-load friction is due to the pre-load 
forced to recover its internal backlashes. When the EMA moves under external forces, local contact 
pressures increase, and so, for the same reasons, friction increases. Thus, as explained in next 
section, it will be necessary to implement a friction simulation model which includes mechanical 
train efficiency contribution. 
As it has done during functional tests, position and force responses are acquired during tests 
done at Free-Fall and Modified Free-Fall conditions with different speed values. Speed response is 
obtained as derivative of position. Following figures show force, position, and speed responses 
respectively in extension/retraction at 1 mm/sec in FF condition (Figures 3.23-3.28), in 
extension/retraction at 4 mm/sec in FF condition (Figures 3.29-3.34), in extension/retraction at 1 
mm/sec in FFM condition (Figures 3.35-3.40), in extension/retraction at 3 mm/sec in FFM 
condition (Figures 3.41-3.46). 
 
Figure 3.23: Extension in FF condition (1mm/sec): friction 
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Figure 3.24: Extension in FF condition (1mm/sec): position 
 
Figure 3.25: Extension in FF condition (1mm/sec): speed 
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Figure 3.26: Retraction in FF condition (1mm/sec): friction 
 
Figure 3.27: Retraction in FF condition (1mm/sec): position 
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Figure 3.28: Retraction in FF condition (1mm/sec): speed 
 
Figure 3.29: Extension in FF condition (4mm/sec): friction 
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Figure 3.30: Extension in FF condition (4mm/sec): position 
 
Figure 3.31: Extension in FF condition (4mm/sec): speed 
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Figure 3.32: Retraction in FF condition (4mm/sec): friction 
 
Figure 3.33: Retraction in FF condition (4mm/sec): position 
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Figure 3.34: Retraction in FF condition (4mm/sec): speed 
 
Figure 3.35: Extension in FFM condition (1mm/sec): friction 
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Figure 3.36: Extension in FFM condition (1mm/sec): position 
 
Figure 3.37: Extension in FFM condition (1mm/sec): speed 
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Figure 3.38: Retraction in FFM condition (1mm/sec): friction 
 
Figure 3.39: Retraction in FFM condition (1mm/sec): position 
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Figure 3.40: Retraction in FFM condition (1mm/sec): speed 
 
Figure 3.41: Extension in FFM condition (3mm/sec): friction 
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Figure 3.42: Extension in FFM condition (3mm/sec): position 
 
Figure 3.43: Extension in FFM condition (3mm/sec): speed 
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Figure 3.44: Retraction in FFM condition (3mm/sec): friction 
 
Figure 3.45: Retraction in FFM condition (3mm/sec): position 
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Figure 3.46:Retraction in FFM condition (3mm/sec): speed 
When all FF condition tests had been done, mean values of speeds and friction forces are 
plotted together. In the same way, FFM condition test results are processed. Figure 3.47 and 3.48 
show results relative to FF and FFM condition tests respectively: 
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Figure 3.47: FF condition tests: mean friction force 
 
Figure 3.48: FFM condition tests: mean friction force 
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Force response, deprived of its constant main value which changes with test speed, has been 
elaborated through Fourier transform to obtain the frequency domain representation of the friction 
contribution with depends on position, and so calculating its amplitude and phase. For each test, the 
amplitude values of the first five main harmonics are plotted in function of mean value of test speed 
so obtaining following graphs(Figure 3.49 is relative to FF condition tests while Figure 3.50 refers 
to FFM condition tests). 
 
Figure 3.49: FF tests: Friction amplitude 
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Figure 3.50: FFM tests: Friction amplitude 
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4 EMA MODEL ENHANCEMENT 
In this section, all changes done on initial Matlab-Simulink model are explained. They are 
divided into two section: mechanical section and electric/electronic section. 
4.1 Mechanical section 
The main aim related to EMA mechanical section is to obtain a better friction and inertia 
characterisation by processing test data. How test data have been used and Matlab-Simulink has 
been modified, consequentially to experimental data evaluation, are the subjects of next pages. 
Indeed, last subsection is dedicated to end-lock dynamics parameters configuration. 
4.1.1 Friction forces 
First of all, to evaluate friction force and model it into Matlab-Simulink environment, it is 
necessary to express mathematically the friction. Referring to Figure 4.1, which is a simple scheme 
of the EMA setted on friction test rig, we describe the behaviour of the physical system in terms of 
its motion as a function of time. Following two equations of motion are referred to hydraulic rig (L) 
and to EMA actuator (EMA) respectively: 
 
Figure 4.1: EMA and friction test rig scheme 
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𝑚𝐿𝑥 𝐿 = 𝐹𝑕 + 𝐹𝐿𝐶 + 𝑚𝐿𝑔 (22)  
𝑚𝐸𝑀𝐴𝑥 𝐸𝑀𝐴 = 𝐹𝑓 + 𝐹𝐿𝐶 + 𝑚𝐸𝑀𝐴𝑔 (23)  
where 𝐹𝑕  is the force due to the pressure difference into servo-hydraulic actuator chamber and 𝐹𝐿𝐶  
is the load cell force on EMA (the load cell is neglected in equation of motions because it is 
supposed to be mass-less). 𝐹𝑓  is the EMA internal friction force. At constant speed the second 
equation is: 
𝐹𝑓 = −(𝐹𝐿𝐶 + 𝑚𝐸𝑀𝐴𝑔) (24)  
so, once defined the mEMA, the signal FLC is useful for friction tests. 
The term Ff  can be considered as the sum of following contributions: 
𝐹𝑓 = 𝐹𝑏𝑒𝑎𝑟𝑖𝑛𝑔𝑠 + 𝐹𝑠𝑐𝑟𝑒𝑤 + 𝐹𝑥  (25)  
The last term 𝐹𝑥  ,which is the friction force contribution due to position, would be near to 
zero during friction tests in FF and FFM conditions. Thus, the mathematical expression of Ff  
during tests in FF condition is (it is the same if considering tests in FFM condition, just noticing that 
the CEMA parameter increases and the ηS decreases in spite of FF condition): 
𝐹𝑓 = −𝐶𝐸𝑀𝐴𝑥 𝐸𝑀𝐴 + 𝐹𝑒𝑥𝑡 𝑠𝑔𝑛 𝐹𝑒𝑥𝑡 𝑥 𝐸𝑀𝐴  1 −
1
𝜂𝑠
  
(26)  
and at constant speed: 
𝐹𝑓 = − 𝐹𝑒𝑥𝑡   
1
𝜂𝑠
− 1 𝑠𝑔𝑛 𝑥 𝐸𝑀𝐴 = 𝑓(𝑥 𝐸𝑀𝐴 ,𝐹𝑒𝑥𝑡 ) 
(27)  
Since the friction tests are no loaded, the Fext is related to the pre-load on the screw-jack, 
thus it is necessary to evaluate the relationship between 𝐹𝑝𝑟  and 𝐹𝑒𝑥𝑡 . 
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Figure 4.2 shows that it is necessary to apply a torque Tpr to move EMA without loading 
screw-jack nut: 
𝑇𝑝𝑟 = 𝑇𝑝𝑟1 + 𝑇𝑝𝑟2 (28)  
if torque and rotation are positive following n direction, xEMA is positive downward, and for 𝑥 𝐸𝑀𝐴>0 
(for 𝑥 𝐸𝑀𝐴<0 𝑇𝑝𝑟 is equal in magnitude but opposite in sign): 
 
 
 𝑇𝑝𝑟1 =
𝐹𝑝𝑟𝑝𝑠
2𝜋
1
𝜂
𝑆
   𝑑𝑖𝑟𝑒𝑐𝑡 𝑚𝑜𝑡𝑖𝑜𝑛        
𝑇𝑝𝑟2 = −
𝐹𝑝𝑟𝑝𝑠
2𝜋
𝜂
𝑠
′ (𝑢𝑛𝑑𝑖𝑟𝑒𝑐𝑡 𝑚𝑜𝑡𝑖𝑜𝑛)
  (29)  
and 
𝑇𝑝𝑟 =
𝐹𝑝𝑟𝑝𝑠
2𝜋
  
1
𝜂𝑆
 − 𝜂𝑠
′    
(30)  
 
Figure 4.2: Roller screw-jack preload scheme 
Thus, during friction tests the EMA motion can be considered performed under a external 
load equivalent due to screw-jack pre-load: 
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𝑇𝑝𝑟 =
𝐹𝑝𝑟𝑝𝑠
2𝜋
  
1
𝜂𝑆
 − 𝜂𝑠
′   𝑠𝑔𝑛 𝑥 𝐸𝑀𝐴 ≈
𝐹𝑝𝑟𝑝𝑠
2𝜋
  
1
𝜂𝑆
 − 1  𝑠𝑔𝑛 𝑥 𝐸𝑀𝐴  
(31)  
so, considering Eq.(27)  
𝐹𝑓 = −2𝐹𝑝𝑟   
1
𝜂𝑠
− 1 𝑠𝑔𝑛 𝑥 𝐸𝑀𝐴 = −𝐹0𝑠𝑔𝑛 𝑥 𝐸𝑀𝐴  
(32)  
 𝐹𝑒𝑥𝑡  = −2𝐹𝑝𝑟  (33)  
where 𝐹𝑝𝑟  is the pre-load of the roller screw-jack specified by SKF catalogue. 
Finally, 
𝐹𝑓 = 𝐹𝑥 + 𝐹𝑥 𝐸𝑀𝐴 = 𝑓(𝑥 𝐸𝑀𝐴 ,𝐹𝑝𝑟 ) (34)  
where  𝐹𝑥  is included because revealed during tests, and 𝐹𝑥 𝐸𝑀𝐴  is the component of viscous type. 𝐹𝑥  
was neglected in the initial version of EMA Simulink-Matlab model, and 𝐹𝑥 𝐸𝑀𝐴  was modelled with 
theoretical formulae. For planetary roller screw, the main source of friction force is expected to be 
related to screw efficiency, i.e. the friction should depend on operating load. The above model does 
not include this dependency since the friction tests have been performed without loading the EMA 
mechanical transmission. The friction data thus referred to a no-loaded system, but the effect of 
efficiency has been taken into account in the complete model. 
Each contribution in Eq.(34) is obtained through friction force tests, which know-how is 
explained in previous section, and then simulated in form of look-up tables. 
The 𝐹𝑥  behaviour has been determined by processing mean force and mean speed values for 
each FFM condition tests. In fact, FFM condition tests include results due to all mechanic EMA 
components, while tests at FF condition let to analyze just data referred to the second stage of the 
planetary gear-box and the screw-jack, excluding contributions due to motor and the first stage of 
the planetary gear-box. Remembering Eq.(24), it is necessary to subtract to FLC, relieved during 
friction tests, mEMA evaluated in following way: 
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𝑚𝐸𝑀𝐴 =
−(𝐹𝐿𝐶
− + 𝐹𝐿𝐶
+ )
2𝑔
 
(35)  
where 𝐹𝐿𝐶
−
 and 𝐹𝐿𝐶
+
 are the friction forces valued respectively during retraction and extension 
friction test with the same test speed. Only tests whose speed values are included between -10 
mm/sec (retraction tests) and +2mm/sec (extension tests) are used, because other tests present 
irregularities which make tests useless to this aim. It was necessary to add to these points, obtained 
through experimental tests, other Friction force values at high speed to characterize it at usual 
working EMA speed value range, not experimented. They are determined with the aim to achieve 
during simulation the peak value of extension/retraction speed. 
 
Figure 4.3: F(𝒙 ) curve at FFM condition tests 
On the other hand, the 𝐹𝑥  analyzed during friction tests has a periodic behaviour, so it has 
been decided to represent it through Fourier Transform as sum of cosine functions, considering just 
first five characteristic harmonics (i.e. the i is stopped to 5): 
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𝐹𝑥 =  𝐴𝑖
𝑟
𝑖=1
cos  
2𝜋𝑖 𝑥
𝑝𝑠
  
(36)  
where 𝑝𝑠 is the screw pitch, and 𝐴𝑖  is the amplitude of the respective harmonic and it is function of 
speed. The response phase is neglected. 𝐴𝑖(𝑥 𝐸𝑀𝐴) behaviour is obtained through FF condition tests. 
For each tests at different speed value, FLC response is elaborated trough Fourier Transform, 
Eq.(36), so achieving amplitude values of the first five characteristic harmonics (Figure 4.4). 
Figures 4.5 and 4.6 show the Fourier representation of the friction force relieved during the 
extension/retraction friction in FF condition with the speed near to 2mm/sec. 
 
Figure 4.4: 𝑨𝒊(𝒙 𝑬𝑴𝑨) at FF condition tests 
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Figure 4.5: Fourier transform of the friction in extension during FF condition with 2 mm/sec 
 
Figure 4.6: Fourier transform of the friction in retraction during FF condition test with 2 mm/sec 
According to Figure 4.4 just first harmonics of each mean speed values are considered, 
neglecting other lower amplitude values. It is possible just with FF condition tests, and it is the 
reason we use FF test data instead of FFM test data. 
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At Appendix B it is possible to see Matlab-Simulink friction force model. 𝐴𝑖(x ) and 𝐹𝑥  are 
modelled through look-up tables. Friction force model is included into motor shaft momentum 
balance block and has the angular speed and the rotation of the motor as inputs, and the Friction 
Torque as output. So congruently to look-up tables, it has been necessary to convert the rotation and 
the angular speed into linear position and linear speed respectively, and so multiply by 
𝑝𝑠
2𝜋𝜏𝑔
 , 
where 𝑝𝑠 is the screw pitch and 𝜏𝑔 is the gear ratio. To have Friction Torque as output also we need 
to multiply the Friction Force obtained by the same conversion factor.  
4.1.2 Mechanical train efficiency 
The friction model described previously is generated by using data results obtained during 
tests performed without loading the EMA mechanical transmission. It doesn’t include the 
dependency between friction and operating load. The discrepancy can be seen by observing the 
current data results referred to functional tests at different load factor. It’s noticeable that, especially 
in retraction, the more is the load factor the more is the current amplitude. It means that, with 
increasing of the load factor, the motor has to win more friction force to move its shaft and so needs 
more current. Thus, it is necessary to include the effect of the efficiency of the mechanical power 
train and especially the effect of the efficiency of the roller screw-jack. 
Then, it is implemented a model which evaluates the efficiency of the roller screw-jack (ηS) 
with varying of operative load during extension/retraction motions. Starting from Eq.(24) and 
Eq.(32), and known 𝑚𝐸𝑀𝐴  and Fpr, ηS is calculated: 
𝐹𝑓 = −(𝐹𝐿𝐶 + 𝑚𝐸𝑀𝐴𝑔) = −2𝐹𝑝𝑟   
1
𝜂𝑠
− 1 𝑠𝑔𝑛 𝑥 𝐸𝑀𝐴  
(37)  
2𝐹𝑝𝑟   
1
𝜂𝑠
− 1 = (𝐹𝐿𝐶 + 𝑚𝐸𝑀𝐴𝑔)𝑠𝑔𝑛 𝑥 𝐸𝑀𝐴  
(38)  
  
1
𝜂𝑠
− 1 =
(𝐹𝐿𝐶 + 𝑚𝐸𝑀𝐴𝑔)𝑠𝑔𝑛 𝑥 𝐸𝑀𝐴 
2𝐹𝑝𝑟
 
(39)  
𝜂𝑠 =
1
1 +
(𝐹𝐿𝐶 + 𝑚𝐸𝑀𝐴𝑔)𝑠𝑔𝑛 𝑥 𝐸𝑀𝐴 
2𝐹𝑝𝑟
 
(40)  
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thus, 
𝜂𝑠 = 𝑓(𝑥 𝐸𝑀𝐴 ,𝐹𝐿𝐶) (41)  
where 𝑥 𝐸𝑀𝐴  and 𝐹𝐿𝐶  are referred to the friction tests performed in FF condition and they are 
respectively the test speed and the friction force relieved during tests, deprived by the EMA weight. 
Figure 4.7 shows the behaviour of ηS with varying of the test speed and demonstrates a symmetrical 
attitude of the efficiency in extension and retraction tests at the same speed. Figure 4.8 shows 
efficiency variation with the increasing of modulus of the internal friction force. 
 
Figure 4.7: ηS with varying of the speed of FF friction tests 
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Figure 4.8: ηS with varying of the friction force valued during FF friction tests 
Even if the friction tests performed are limited into a small range of the operating speed and 
so of the external force represented by the screw-jack pre-load, they show the decreasing behaviour 
of the mechanical efficiency of the roller screw-jack with the external load. The ηS decreasing can 
be easily modelled with a exponential function (Figure 4.9). 
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Figure 4.9: ηS behaviour with external load 
The ηS(Fext) exponential function has been implemented in the EMA model through a look-
up table (Appendix B). Of the exponential curve it has been possible define just few points at low-
medium values of load using the friction and the functional tests results. The model of mechanical 
efficiency can be improved at medium-high load operating condition by planning more friction tests 
performed with loading mechanical transmission and at higher test speed. 
4.1.3 EMA inertia 
The equivalent landing gear system inertia referred to the motor shaft, so called Jtot, can be 
considered as sum of two main contributions: 
𝐽𝑡𝑜𝑡  𝑥𝑎 =
𝐽𝑐𝑝𝑠
2
4𝜋2𝜏𝑔2𝑕𝑎(𝑥𝑎)2
+ 𝐽𝑡𝑜𝑡 _𝑎  (42)  
𝐽𝑐  is the inertia contribution due to landing gear leg. 𝐽𝑡𝑜𝑡 _𝑎  is EMA internal inertia and includes 
inertia contributions due to all its internal mechanical devices, so 
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𝐽𝑡𝑜 𝑡𝑎 = 𝐽𝑚 +
(𝐽𝑔 + 𝐽𝑠𝑗 )
𝜏𝑔
2 + 𝑚𝑛  
𝑝𝑠
2𝜋𝜏𝑔
 
2
 
(43)  
where 𝐽𝑚, 𝐽𝑔, 𝐽𝑠𝑗, are motor, planetary gear-box, and screw-jack inertia respectively and 𝑚𝑛  is the 
screw nut mass. 
𝐽𝑡𝑜𝑡𝑎  is calculated through FFM condition test data, which, as explained before, include all 
mechanical inertia contributions. Instead of the friction force evaluation, for EMA inertia 
characterization, results relative to test done at much higher speed value, in which irregularities are 
present, are used. When an irregularity in speed is present, at first instants of time we can evaluate 
the angular acceleration pick up and so obtain 𝐽𝑡𝑜𝑡𝑎 , considering : 
𝑇 = 𝜔  𝐽𝑡𝑜𝑡𝑎  (44)  
so, by using as input the test force response and multiplying it by 
𝑝𝑠
2𝜋𝜏𝑔
 , a torque momentum 
balance is modelled with Matlab-Simulink (Appendix B), where Friction Torque is the only 
dissipative term not negligible. 𝐽𝑡𝑜𝑡𝑎  convergence value is obtained comparing model and test 
angular speed response slope at first step time, that is exactly the angular acceleration pick up. This 
procedure is repeated for each FFM condition tests, in which irregularities in angular speed 
response are present, so obtaining a convergence value of 𝐽𝑡𝑜𝑡𝑎 . 
To have a EMA simulating model congruent to the tests it is necessary to replace the landing 
gear leg inertia with hydraulic rig inertia. Jrig is evaluated supposing that rig pendulum can be seen 
as a bar with rectangular section and hinged to one of its ends: 
𝐽𝑟𝑖𝑔 =
𝑚 𝐿2
3
 (45)  
with L equal to its length, that is 0.34 m. In this way we have a rig inertia contribution lesser than 
𝐽𝑡𝑜𝑡𝑎  two orders of magnitude, so: 
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𝐽𝑡𝑜𝑡  𝑥𝑎 =
𝐽𝑟𝑖𝑔𝑝𝑠
2
4𝜋2𝜏𝑔2𝐿2
+ 𝐽𝑡𝑜𝑡 _𝑎 ≅ 𝐽𝑡𝑜𝑡 _𝑎  (46)  
This result has a great importance during model implementation because it means that the 
model is valid regardless the inertia characteristic of the rig used to test the actuator. 
4.1.4 Actuator lock for fully-extracted position 
By analyzing first seconds of retraction motions at different operative conditions, it can be 
observed that simulations done using the initial version of Matlab-Simulink model have an angular 
acceleration lower than that experimentally seen. It can be observed comparing model speed 
responses with test ones, in fact it is self-evident that model speed response curve has a smoother 
slope than test one. The reason of this model incongruence is the lack in modelling of the actuator 
lock for fully extracted position. 
When retraction starts the down-lock is active and first of all the motor, after receiving the 
command, has to remove it, and so the powered motor exerts a torque on the block. Block has teeth 
that tighten motor shaft in fully extended position and retreat under a certain force leaving motor 
shaft free to move. Hence, it is simulated as a spring characterized by a great stiffness. The initial 
motor torque can be seen as a pre-load which increasingly initially balances the resistive force due 
to spring rigidity and then, when block is realised, it results in motor shaft acceleration. 
The end-stroke lock dynamics is modelled as a torsion spring with no damping, which 
torsion coefficient is so calculated: 
𝐾𝑏𝑙𝑜𝑐𝑘 =
𝐽𝑡𝑜𝑡𝜔 
 𝜃𝑏𝑙𝑜𝑐𝑘 2 − 𝜃𝑚𝑎𝑥  
 (47)  
where 𝜔  is the starting radial acceleration experimentally measured during nominal retraction test, 
𝜃𝑚𝑎𝑥  and 𝜃𝑏𝑙𝑜𝑐𝑘 2  are motor angles, expressed in radians, respectively when the actuator is fully 
extended, and the block is fully activated. 𝜃𝑚𝑎𝑥  and 𝜃𝑏𝑙𝑜𝑐𝑘 2 are evaluated form actuator position 
response during nominal extension test and then converted in rad (Appendix B). 
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4.2 Electric and electronic section 
In following sections electric motor parameters will be discussed. Object of the last part of 
this chapter is the parameters characterisation of the control logic, which is useful to also 
synchronize test and model responses to do a direct comparison between them. 
4.2.1 Motor parameters 
When the actuator is fully-retracted and its motor is not powered, the mechanical lock is 
activated. Instead, when the motor is powered to extend landing gear, the lock deactivates and the 
motor has to brake the actuator, which in this position would go down because of landing gear 
mass, and it has to do that  until it receives extension command. 
So during first tenth of second during extension motion, motor voltage demand is near to 
zero, and, in practice, the motor is shorted in order to act as a brake. This means that the motor is 
isolated during this short period of time and the test current response, limited to this time range, let 
to characterize motor parameters (Phase constant, Resistance and Inductance) in a certain and 
definitive way. By comparing amplitude and frequency of functional tests and model current 
responses, motor target values of Kt, R and L are confirmed.  
4.2.2 Control logics 
As previously explained the EMA model has a speed closed-loop integral control. This 
means that model response is so sensible to the real time in which the command is given. In the 
same way motor parameters are achieved, it is easily valued the period between the release of the 
brake and the sending of the command to the motor (tdelay), so defining tcommandon in extension and in 
a similar way  in retraction, so: 
𝑡𝑐𝑜𝑚𝑚𝑎𝑛𝑑𝑜𝑛 (𝑒𝑥𝑡  𝑜𝑟  𝑟𝑒𝑡 ) = 𝑡𝑏𝑟𝑎𝑘𝑒𝑜𝑓𝑓  + 𝑡𝑑𝑒𝑙𝑎𝑦  (48)  
tbrakeoff is defined as time in which the brake is released. In model tbrakeoff is setted equal to a step 
integration, so near to zero, while during tests is near to 1 sec, so to compare model and test 
responses with the same timeline, it is necessary postpone model response to synchronize them. 
EMA control includes an angular acceleration rate limiter with a maximum value permitted 
of 777.8 [rad/sec^2]. During extension simulation this peak value is confirmed. In retraction 
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simulation it is necessary to disable rate limiter to allow the motor to reach that value of pick-up 
initial acceleration due to the presence of the down-lock (section 4.1.4). 
4.3 Configuration parameters of the simulation computing 
A detailed model, as our reference is, includes many variables and requires so much 
computing effort to elaborate them, just considering that integration step setted is of the order of 10
-
6
. Thus, it is obvious to estimate that each extension/retraction motion simulation would be very 
time-consuming. 
A fixed-step ode1(Euler) is chosen as Simulink solver in simulations and an HP-Pavillon 
dv6 laptop has been used to process and store data results. Below, the laptop characteristics are 
reported: 
 processor: Intel(R) Core(TM) i7 CPU; 
 RAM:4GB; 
 operative system at 64bit. 
With these computing characteristics, a complete extension/retraction motion, which lasts in 
real about 18 sec, is simulated in an elapsed time near to 4100 sec . 
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5 EXPERIMENTAL VALIDATION OF THE MODEL  
The last section contains updated model results. The results are compared with the 
functional test results and, only in nominal operative condition, with the initial version model 
results. Comparisons have been done in terms of EMA position, motor speed and motor currents 
responses. Of all operative conditions simulated, nominal, normal, and critical 
extensions/retractions results are below reported. The last two above listed conditions include two 
tests at different demand voltage values; just the low voltage test results are here shown, others are 
reported at Appendix A. 
5.1 Extension/Retraction at nominal operative conditions 
The nominal condition test is characterized by following values of load factor and voltage 
demand: 
 Nz=1; 
 Vsupply=28V. 
Plots below contains result comparisons between the experimental test, the initial detailed 
version of the model, and the model modified as previously explained in previous section, in terms 
of actuator position, motor speed and motor currents. In this order graphics are reported (for a better 
understanding of results just one current phase is shown): 
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Figure 5.1: Model validation for extension in nominal condition: position 
 
Figure 5.2: Model validation for extension in nominal condition: speed 
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Figure 5.3: Model validation for extension in nominal condition: currents 
 
Figure 5.4: Model validation for extension in nominal condition: current (shorted motor) 
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By examining Figure 5.2, the improvement in modelling, after modifications done, is visible 
especially in first seconds, during which actuator increases its speed until its maximum peak. The 
same slope of this curve portion demonstrates the accuracy of EMA inertia and friction forces 
modelling.  
On the other hand, the test speed response presents a down-up attitude. This behaviour, 
easily renamed “Speed Hole”, is not well simulated by the model. The reason of the discrepancy 
between test and model is due to a bad simulated behaviour of the control electronics during the 
transitory between a first phase in which electric motor is shorted and a second one in which it is 
controlled by PWM control. As it is seen next, this problem is not present in retraction motion, 
during which the actuator is controlled from the beginning.  
Figure 5.3 and 5.4 show comparisons between current responses. The motor parameter 
identification brings to a visibly better current response simulation than that obtained with the initial 
version model. Except from the initial transient, not simulated by our reference model, Figure 5.4 
(which is a zoom into the shorted motor range time) shows a nearly perfect equivalence between 
test and model in terms of amplitude and frequency. There is not a phase synchronism because of 
the not-known initial motor phase alignment. 
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In the same way, the retraction motion responses are reported: 
 
Figure 5.5: Model validation for retraction in nominal condition: position 
 
Figure 5.6: Model validation for retraction in nominal condition: speed 
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Figure 5.7: Model validation for retraction in nominal condition: current 
In retraction simulation it is obtained a near perfectly realistic speed modelling. On the other 
hand, the current model response is not coherent to test one during first two seconds of simulation. 
In fact, while model current response is near to zero, test response shows a current modulation, due 
to a not zero initial load when the actuator is fully-extracted. The initial pre-load, not considered in 
the model, is related to the end-stroke mechanical lock, which contains an internal spring which 
need to be forced to engage the lock.  
Thus, next steps in enhancement would concern transient of the electronic control, the 
improvement of the mechanical train efficiency simulating model, and a detailed actuator 
mechanical section model, which could include the vibration modes of the mechanical components, 
now neglected. 
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5.2 Extension/retraction at normal operative conditions 
The normal condition tests are characterized by following values of load factor and voltage 
demand: 
 Nz=1.5; 
 Vsupply=22V and 30.3V. 
The low voltage normal extension responses are below reported (the high voltage normal 
extension/retraction responses are shown at Appendix A): 
 
Figure 5.8: Model validation for extension in normal condition: position 
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Figure 5.9: Model validation for extension in normal condition: speed 
 
Figure 5.10: Model validation for extension in normal condition: current 
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Same considerations done for nominal extension responses are valid for these ones. So, the 
retraction responses are shown: 
 
Figure 5.11: Model validation for retraction in normal condition: position 
 
Figure 5.12: Model validation for retraction in normal condition: speed 
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Figure 5.13: Model validation for retraction in normal condition: current 
As it is visible at Figure 5.12, the test speed response is characterized by a slow decline. The 
decreasing attitude is more observable at low voltage operative condition and it is due to the 
conversion between demand and actual voltage. Instead of it, the model speed response shows a 
greater maximum speed peak than that seen at test and no a speed decline. It means that model has 
an higher actual voltage than that is effectively supplied at the tested actuator. This discrepancy may 
be deleted processing voltage data, so improving the simulation of the conversion between demand 
voltage and actual voltage, and acting on voltage drop by increasing Rsupply, from which it directly 
depends. Rsupply is related to power supply voltage used during tests and so it is different from that 
reported by manufacturer.  
Figure 5.13 shows a difference between the test current response and the model current 
response. At medium-high load the motor current amplitude is higher than that is revealed during 
tests and it demonstrates that the torque that acts on the motor is higher than that is effectively 
transmitted by the mechanical power train. It depends on the evaluation of ηS at that value of 
external load. In fact, the discrepancy demonstrates that in medium-high load (NZ=2 and 3) the ηS 
obtained by the implemented model (section 4.1.2) is lower than that is in reality. 
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5.3 Extension/Retraction at critical operative conditions 
The critical condition tests are characterized by following values of load factor and voltage 
demand: 
 Nz=3.5; 
 Vsupply=20.5V and 32.2V. 
The low voltage normal extension responses are below reported (the high voltage 
extension/retraction responses are shown at Appendix A): 
 
Figure 5.14: Model validation for extension in critical condition: position 
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Figure 5.15: Model validation for extension in critical condition: speed 
 
Figure 5.16: Model validation for extension in critical condition: current 
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By observing Figure 5.15, the model behaviour seen at nominal and normal extension 
(Figures 5.2 and 5.9) is here repeated in a worse way. In fact, the quality of the control electronic 
modelling, especially during the transient which brings the actuator to a PWM control, is worsened 
by the high external load. 
Moreover, the discrepancy between the current amplitudes during the shorted-coils time 
range (Figure 5.16) confirms that the implemented mechanical efficiency model underestimates ηS 
at high-medium load. The underestimated evaluation of ηS is more visible analyzing critical 
retraction responses, below reported. 
 
Figure 5.17: Model validation for retraction in critical condition: position 
97 
 
 
Figure 5.18: Model validation for retraction in critical condition: speed 
 
Figure 5.19: Model validation for retraction in critical condition: current 
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Figure 5.19 shows that, with the increasing of the external load, ηS is lower than the 
effective value and the motor endures an higher load, and so it needs more currents than that 
revealed during test. For the same reasons, Figure 5.18 shows a decreasing in terms of the motor 
speed which doesn’t match with the test response. In fact, in the model the motor, forced by an 
higher load, decreases its speed more rapidly when the external load increases. 
In conclusion, it is necessary to investigate, by testing, on the ηS in the high load range to 
improve the efficiency model. 
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CONCLUSIONS AND FUTURE WORK 
A detailed EMA simulation model has been enhanced and validated with the experimental 
data obtained during a test campaign on a prototype EMA available at the Department of Industrial 
and Civil Engineering-Aerospace Division (DICIAer), University of Pisa. 
Functional tests and friction test made have been useful to tune and refine the model sections 
which present limitations. Particular attention has been paid on a more accurate modelling of sliding 
frictions and efficiency of the mechanical power train. The model is thus able to reproduce the 
system behaviour at different actuator operative conditions in terms of supply voltage and load 
factor. 
The attention has been focused on the following model mechanical and electrics/electronics 
sections: 
 the sliding friction force; 
 the mechanical efficiency with varying of the EMA operative conditions; 
 the EMA down-lock dynamic; 
 the electric motor , in particular its parameters identification; 
 the control logics, whose behaviour during extension motions showed two different 
phases in control mode: initially motor coils are shorted, then they are controlled by 
PWM control with a noticeable irregular transient,. 
Comparisons between simulation and tests, in terms of position, motor speed and motor 
currents have been used to evaluate the model accuracy. In particular, the extension/retraction cycle 
lasts on average 18 sec in nominal and normal condition and 22 sec in critical condition, and the 
model has a maximum error rate of 15%. Moreover, the extension/retraction motor speed absolute 
peak value is near to 45 mm/sec in all operative conditions and the model shows a maximum error 
rate of 20% during retraction motion in critical condition. Finally, during extraction motions the 
motor current amplitude is between +5A and -5A in nominal and normal operative conditions and 
+10A and -10A in critical condition with a model maximum error rate of 5% In retraction 
conditions the motor current amplitude is between +10A and -10A in nominal and normal operative 
conditions and +30A and -30A in critical condition with a model maximum error rate of 50% in 
critical condition. 
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At the different operative conditions of the EMA, an improvement of the updated simulation 
model is observable, especially in terms of motor phase currents. 
Though the model validation activity achieved satisfactory results, some points need to be 
better studied and understood. In particular, the transition between the EMA control modes (open-
loop with shorted coils and closed-loop) is currently simulated with simple logic switching, and 
some additional studies would be necessary to clarify the actual behaviour of the electronics. 
Moreover, the model seems to underestimate the efficiency at medium-high loads (Nz =2 and 3), so 
further analyses should be carried out in this sense. Finally, an accurate simulation of the 
mechanical power train would require the modelling of the main vibration modes of the system, to 
better reproduce the dynamics during fast acceleration and abrupt transients, but this model feature 
is not currently implemented in the model. 
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APPENDIX A:TEST AND SIMULATION RESULTS 
 Model validation for extension in normal condition (NZ=1.5, Vsupply=30.3V) 
 
Figure A.1: Model validation for extension in normal condition: position 
 
Figure A.2: Model validation for extension in normal condition: speed 
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Figure A.3: Model validation for extension in normal condition: current 
 Model validation for retraction in normal condition (NZ=1.5, Vsupply=30.3V) 
 
Figure A.4: Model validation for retraction in normal condition: position 
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Figure A.5: Model validation for retraction in normal condition: speed 
 
Figure A.6: Model validation for retraction in normal condition: current 
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 Model validation for extension in critical condition (NZ=3.5, Vsupply=32.2V) 
 
Figure A.7: Model validation for extension in critical condition: position 
 
Figure A.8: Model validation for extension in critical condition: speed 
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Figure A.9: Model validation for extension in critical condition: current 
 Model validation for retraction in critical condition (NZ=3.5, Vsupply=32.2V) 
 
Figure A.10: Model validation for retraction in critical condition: position 
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Figure A.11: Model validation for retraction in critical condition: speed 
 
Figure A.12: Model validation for retraction in critical condition: current 
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APPENDIX B:MATLAB-SIMULINK MODEL OF THE EMA 
 
 Model browser 
 
Figure B.1: LGEMAmodel: model browser 
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 Simulink diagram: top-level 
 
Figure B.2: LGEMAmodel: top-level 
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 Simulink diagram: torque momentum balance 
 
Figure B.3: LGEMAmodel:torque momentum balance 
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 Simulink diagram: efficiency of the mechanical train power 
 
Figure B.4: LGEMAmodel:mechanical train efficiency 
 Simulink diagram: friction force 
 
Figure B.5: LGEMAmodel:fiction force 
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 Simulink diagram: lock for fully-extracted position 
 
Figure B.6: LGEMAmodel: lock for fully-extracted position 
